Abstract-The research on implantable ultrasonic coupling wireless power transmission systems has not been systematically analyzed from the sound field theory, and the influencing factors of implanted ultrasonic coupling wireless power transmission systems based on the far-field model are proposed in this paper. Firstly, the far-field model is constructed. On this basis, the main factors affecting the ultrasonic energy transmission in the system are discussed. The COMSOL finite element simulation software was used to simulate the ultrasonic coupling wireless energy transmission system in human tissue environment, and the directivity of the energy transmission system was verified. The system experiment platform is built to analyze the energy transmission under different distances, different sound source frequencies, and different sound source excitations, and compare with the numerical simulation data. Finally, the influence of different factors on the energy transmission system is verified. It provides an effective reference for further research on implantable ultrasonic coupling wireless power transmission systems.
INTRODUCTION
With the development of technology and advances in medical care, implantable medical devices are playing an increasingly important role in the medical field. The power supply method of implantable medical equipment is relatively demanding, and the traditional wired energy supply method can no longer meet the needs of applications [1, 2] . The electromagnetic coupling wireless power transmission method developed in recent years has caused problems such as eddy current heating of skin and biological tissues [3] [4] [5] . The ultrasonic coupling wireless power transmission technology is a new type of noncontact power transmission method that uses ultrasonic waves as a carrier to convert electrical energy into acoustic energy through electro-acoustic conversion materials and convert acoustic energy into electrical energy through acoustic-electric conversion materials. Compared with the electromagnetic coupling wireless power transmission mode, the ultrasonic coupling wireless power transmission has the advantages of strong directivity, easy concentration of energy, sufficient distance of propagation, etc. [6, 7] . Besides, because ultrasonic coupling wireless power transmission uses ultrasonic waves for energy transmission, the transmission process does not generate electromagnetic radiation and eddy current heating effect. The ultrasonic coupling wireless power transmission can be applied to the metal environment or the demanding electromagnetic environment [8] [9] [10] . Therefore, the ultrasonic coupling wireless power transmission can make up for the shortage of the electromagnetic coupling wireless power transmission mode in the direction of power supply for implantable medical devices, and has broad application prospects [11] [12] [13] [14] .
For the study of ultrasonic coupling wireless power transmission, Shmilovitz et al. used hysteresis control on the system circuit through the electromechanical equivalent model to adjust the system output power to achieve effective power at 85 mm implant depth [15] . Meng and Kiani used castor oil as the tissue model to optimize the transmission efficiency at a transmission distance of 3 cm to 6 cm by optimizing the implantation depth and load of the system [16] . Chou et al. used dual-port network analysis to achieve good transmission power and efficiency at a coupling distance of 9.5 mm to 15.5 mm by matching layer design of biological tissues [17] . Ozeri and Shmilovitz matched the acoustic impedance of the system by analyzing the acoustic link and obtained 70 mW of output power at a depth of 40 mm [20] . However, there is no relevant literature to systematically study the influencing factors of implantable ultrasonic coupling transmission system from the perspective of sound field. In view of this, this paper proposes an analysis of the ultrasonic coupling wireless power transmission system based on the sound field implanted in the biological tissue environment.
In this paper, the implanted ultrasonic coupling wireless power transmission system is studied. Firstly, the implanted ultrasonic far-field model is established. On this basis, the directivity of the sound field and the influence of distance, sound source frequency and sound source excitation on ultrasonic energy propagation are discussed. Finally, the influence of different influencing factors on the system is verified by COMSOL numerical simulation and experiment.
SOUND FIELD ANALYSIS OF IMPLANTABLE ULTRASONIC COUPLING WIRELESS POWER TRANSMISSION

Sound Field Model
The basic model of the implantable ultrasonic coupling wireless power transmission system is shown in Fig. 1 . The transmitting transducer powered by the transmitting power module transmits ultrasonic waves, and the ultrasonic energy is transmitted to the receiving transducer in the human tissue. The receiving transducer converts the collected ultrasonic energy into electrical power. Finally, power is supplied to the human implantable device through the receiving power processing module. The transmitting power module generally uses a power amplifying circuit [9] [10] [11] [21] [22] [23] or an inverter circuit [7, 8, 13, [18] [19] [20] to supply power to the transmitting transducer, and the receiving power processing module mainly includes a rectifier circuit and a voltage-stabilizing circuit. Figure 1 . Model of the implantable ultrasonic coupling wireless power transmission system.
In this paper, the transmitting transducer is analogized to a circular planar piston sound source with a radius on the plane of infinite sound baffle. The maximum ultrasonic energy that can be received by the receiving transducer is the ultrasonic energy radiated by the transmitting transducer through the body tissue to the position of the receiving transducer. Ultrasonic energy is divided into two regions, far-field and near-field, according to the distance during the radiation process. As shown in Fig. 2 , assume that the sound wave radiates along the z-axis, and the whole area is divided into near-field and far-field. The critical distance is,
where a is the piston radius, and λ is the wavelength of the sound wave. In the ultrasonic coupling wireless power transmission system, near-field characteristics are complex [25] . The transducer used has a radius about 2.5 cm, and the frequency is from 20 kHz to 40 kHz. The research distance is between 2 cm and 5 cm. In summary, the region of study is mostly in a far-field environment. Therefore, the study of the sound field in this paper is based on the far-field of sound and models the far-field of the piston. Figure 3 shows the sound field model of the ultrasonic coupling wireless transmitting and receiving transducers. Supposing that the sound source radius of the circular plane A is a, the center of the sound source is taken as the coordinate origin, and the plane A where the sound source is located is in the xoy plane. For the sound field of the parallel plane B whose distance from the plane A is d along the z-axis, and point Q is arbitrary point in plane B, the sound pressure of the A plane on the plane B at point Q can be obtained first. The sound intensity at point Q is also obtained, and then the sound intensity at point Q is integrated into the entire plane B. Thereby the sound energy of the sound field is obtained.
Far-Field Characteristics of Sound
The distance from the origin to point Q is r, and the angle between the position vector r and z-axis is θ. When the sound source vibrates at velocity u = u a e jωt , the sound pressure at point Q is the integral of an infinite number of point sources on the piston surface. Assuming that the sound source is the element dS with a radius of ρ from the center and an angle ϕ, and the point source strength is dQ 0 = u a dS, the sound pressure at point Q is [24] 
where h is the distance from element dS to point Q; k = ω c 0 is the wavenumber of sound field; u a is the amplitude; ρ 0 is the density of the medium; c 0 is the sound velocity in the medium.
The total sound pressure of the entire sound source at point is [24] p = dp
Sound pressure is obtained after solving [24] 
where J 1 (ka sin θ) is the first order Bessel function. Particle velocity is then found to be
Sound intensity is
where T is the signal period. The point Q can be regarded as a sector on the plane B; the angle is β; the radius from the center of the circle is l; and the radiated sound power on the whole plane is
Simplification of Eq. (7)
Since the Bessel function is contained in Eq. (6), according to the Bessel function property, the sound intensity I has obvious directivity. The directivity is related to the relative ratio of the size of the sound source and wavelength (i.e., ka). As the value of ka increases, that is, as the size of the sound source increases or the radiation frequency increases, the directivity becomes stronger.
Meanwhile, it can be known from Eq. (8) that in an implantable ultrasonic coupling wireless power transmission system, given the transmission medium, the speed of sound, and the size of the transducer, the sound power received by receiving transducer is mainly affected by the transmission distance d, ultrasonic frequency ω, and excitation of the ultrasonic source.
SIMULATION AND EXPERIMENTAL VERIFICATION
Simulation Model Establishment and Verification
According to the environmental conditions of implantable ultrasonic coupling wireless power transmission system, model the system using COMSOL finite element simulation software. Different implantable devices have different depths from the outer skin. For example, an implantable CardioverterDefibrillator is implanted beneath the clavicle with the depth of around 10 mm; however, in the case of kidney, it is located about 50 mm depth from the outer skin [9] . So, the model is built according to actual needs, as shown in Fig. 4 .
Using the 2-D axisymmetrical model in COMSOL, firstly, a 20 cm · 5 cm human tissue domain is set up. A 2.5 cm radius ultrasonic transmitting transducer is placed near the symmetrical axis at the bottom of the region, using piezoelectric material PZT-5H, and a receiving transducer is placed 3 cm away from the transmitting transducer. The working principle of piezoelectric transducer is as follows [25] .
where T 1 is the axial stress; S 1 is the stress-strain; c E 11 is the elastic stiffness (Young's modulus) of piezoelectric layer under constant electric field; e 31 is the piezoelectric constants; E 3 is the electric field strength; D 3 is the electric displacement; ε E 33 is the dielectric constant under constant strain condition. Therefore, applying alternating voltage to piezoelectric material of piezoelectric transducer can cause displacement of piezoelectric material and then generate vibration velocity.
Secondly, because biological tissue can be treated as fluid under certain conditions [26] , use the density of water medium, and according to the velocity of sound wave in human tissue, set the sound velocity to 1540 m/s as a simulation parameter [27] . The sound source at the transmitting end is set as a surface sound source, and the vibration velocity and frequency of the sound source can be adjusted within the required range.
In this paper, the directionality of the sound field is simulated and verified. When the excitation voltage is set to 50 V and the sound source frequency is 20 kHz, 28 kHz, and 40 kHz respectively, the simulation cloud images obtained by COMSOL are shown in Figs. 5(a), (b) , and (c). At the same time, the sound intensity data drawing of each point on the receiving position at the corresponding frequency is extracted as shown in Fig. 5(d) .
As can be seen in Fig. 5(d) , the sound intensity at the receiving end gradually decreases with increasing distance from the symmetry axis (i.e., the center position), which indicates that the sound field has directivity in the process of propagation. At the same time, as the ultrasonic frequency increases, the faster the sound intensity decays, the more obvious the change is, which is also consistent with Eq. (6) where the larger the frequency is, the greater the directivity is.
From the sound intensity clouds in Figs. 5(a), (b), and (c) at three different frequencies, it can be seen that when the transmitting end frequency is 20 kHz, the sound intensity concentrated region has a short distance along the propagation direction and is dispersed to the periphery. From 20 kHz to 28 kHz to 40 kHz, the concentrated area of sound intensity gradually extends along the direction of sound wave propagation, and the lateral direction gradually becomes narrow. This also shows that the directionality of the sound field is stronger as the frequency increases.
Experimental Verification
In order to verify the influence of ultrasonic energy with distance, ultrasonic frequency and excitation intensity of ultrasonic source on system energy transmission in implantable ultrasonic coupling wireless power transmission system, an ultrasonic energy transmission system by pork tissue was constructed, as shown in Fig. 6 . Limited by the conditions of ultrasonic transducer and power amplifier, the parameters of this experimental platform are shown in Table 1 .
(1) Influence of distance on ultrasonic energy propagation Experiments were carried out using a 20 kHz, 28 kHz, 40 kHz transducer for ultrasonic energy transfer experiments of different thicknesses of pork tissue. The excitation voltage at the transmitting end was 50 V, and the transducer at the receiving end was connected to a 50 Ω resistive load. By detecting the voltage value at the load end, it can be transformed into the power of the load. In the COMSOL simulation model, ultrasonic waves with a frequency of 20 kHz, 28 kHz, 40 kHz and an excitation voltage of 50 V are applied at the transmitting end, and change data of the sound intensity at the different distances of the transducer at the receiving end are collected.
In order to facilitate data comparison, the simulated and experimental data are normalized, and Figure 6 . Experimental platform of implantable ultrasonic coupling wireless power transmission system. the normalization formula is
where x * is the normalized value, x the value to be normalized, x min the minimum value in the data to be normalized, and x max the maximum value in the data to be normalized. The data before and after normalization are shown in Table 2 below. The influence of the distance on the ultrasonic energy is shown in Fig. 7 . In Fig. 7 , the horizontal axis represents the distance from the receiving transducer to the transducer of the transmitting end, and the vertical axis represents the power after normalization. It can be seen from Table 2 and Fig. 7 that when the frequency is 20 kHz and the distance 1.8 cm, the maximum transmission power is 1.60 W. As the distance increases, the power received by the receiving end gradually decreases. At different frequencies, when the frequency is 28 kHz, the maximum power of 1.92 W is obtained at 1.8 cm, and at 40 kHz, the maximum power of 3.31 W is obtained at 1.8 cm. At the same time, it can be seen that the simulation and experiment are consistent from the normalized simulation data and experimental data trends in Fig. 7 .
(2) Influence of sound source frequency on ultrasonic energy propagation In order to verify the influence of different frequencies on the ultrasonic transmission power, the transducers with frequencies of 20 kHz, 25 kHz, 28 kHz, 33 kHz, and 40 kHz were used in the experiment. The excitation voltage was 50 V, and the ultrasonic energy of pork tissue with a thickness of 3 cm from the transmitter was collected. The simulation data are the sound intensity data at the transmitting transducer excitation voltage of 50 V, the sound source frequencies of 20 kHz, 25 kHz, 28 kHz, 33 kHz, and 40 kHz, and the transducer position of 3 cm from the transmitting end. The two data are also normalized, and the data in Table 3 below are obtained. Using the normalized data in Table 3 , the relationship between ultrasonic energy and frequency in experiment and simulations at different frequencies can be obtained. As shown in Fig. 8 , the horizontal axis represents the ultrasonic emission frequency of the transmitting transducer, and the vertical axis is the normalized ultrasonic power. From the data in Table 3 and Fig. 8 , it can be seen that within the experimental range, the received power is the largest at 3 cm from transmitting end, and the maximum received power is 2.12 W. At 20 kHz, the received power is at a minimum of 1.01 W. Influenced by factors such as transducer performance and distance change caused by softness of pork tissue, the curve of the normalized power of the experimental data varying with frequency deviates from the simulation results, but the overall trend is still increasing. Therefore, in the test frequency range, at the same position, as the frequency increases, the ultrasonic energy received by the receiving end also gradually increases.
(3) The effect of the excitation source size on energy propagation Figure 9 is a comparison curve of experimental and simulated data of ultrasonic energy under different excitation source amplitudes. The experimental data are the ultrasonic power measured at the receiving end at different excitation voltages when the transmitting transducer frequency is 28 kHz through 3 cm of pork tissue. The simulation data are the sound intensity of the transmitting transducer when the source frequency of the transducer is 28 kHz, and the vibration velocity is changed from 30 V to 50 V. In Fig. 9 , the horizontal axis of the bottom end is the excitation level applied by the COMSOL simulation transmitting end; the left vertical axis represents the sound intensity of the COMSOL simulation part; the top horizontal axis is the excitation voltage of the transmitting transducer in the experiment; and the right vertical axis represents the ultrasonic power obtained by the receiving transducer in the experiment. Fig. 9 shows that experimental and simulated data are consistent with trends in sound source size. In the far field, the energy tends to increase with the increase of the excitation source at the transmitting end.
CONCLUSION
In this paper, an implantable ultrasonic coupling wireless power transmission system is approximated as a far field model of sound for mathematical research. The simulation is carried out by using COMSOL, and compared with the experiment, the following conclusions are drawn: (1) the implantable ultrasonic coupling wireless power transmission system sound field has a directivity. (2) The sound field energy is affected by factors such as distance, sound source frequency, and sound source excitations. In the research range, the ultrasonic energy received by the receiving transducer exhibits a decreasing trend with increasing distance. At the same time, with the increase of source frequency and source size, it shows an increasing trend. These conclusions provide a theoretical basis for the study of implantable ultrasonic coupling wireless power transmission system from the direction of the sound field and promote the further development of power supply methods for implantable devices based on ultrasonic power transmission.
